The reaction of diisopropylphosphofluoridate (DFP) with chymotrypsin and other serine esterases has been well documented in literature'-4 and the sequence of amino acids of the peptides containing the diisopropyl phosphoryl (DIP) moiety from various DFP-inhibited serine esterases has been established.6-'0 The phosphoryl moiety appears to be located on a serine residue in the enzyme protein. Also, the specific acetylation of chymotrypsin with p-nitrophenyl acetate originally reported by Balls and Aldrich" has been shown to result in the acetylation of the serine hydroxyl group which presumably is the same serine residue as that involved in the phosphorylation with DFP.12 Several mechanisms have been proposed to explain the catalytic action of chymotrypsin and other esterases susceptible to inhibition by DFP.'3-'6 However, none of the model systems proposed, e.g. the oxazoline model' and the bicyclic intermediate formed from aspartyl serine peptide, '6 was either catalytic or able to react with DFP.
During an investigation on the second phosphorylation site in DIP-trypsin,'7 a new amino acid was observed and on the basis of its chromatographic and electrophoretic behavior and its susceptibility to periodate oxidation, it was tentatively concluded to be hydroxylysine. '8 However, in the course of the isolation of this new amino acid on a large scale, it was found to differ from 5-hydroxylysine in its chemical properties despite its striking resemblance to the latter on the basis of criteria earlier employed. Some propertiesisa of this new amino acid suggested that it could be a derivative of hydroxylamine. Several hydroxylamino acids, e-N-hydroxylysine'9 and 5-N-hydroxyornithine,20 21 obtaining information potentially pertinent to the isolation and characterization of the unknown amino acid observed in trypsin and chymotrypsin. This paper deals with the catalytic properties of one such hydroxylamino acid, cycloserine. 22 The studies reported herein were prompted by the observation that cycloserine could catalyze the hydrolyses of DFP (which is also catalyzed by imidazole and hydroxylamine) and of p-nitrophenyl diethyl phosphate (E600) (hydroxylamine being the only other known model compound that can function in a similar manner with this latter compound).
Materials.-Cycloserine was prepared from L-serine methyl ester according to the procedure described. 24 The material crystallized in the form of rosettes and was found to have two titrable groups, one with a pK of 4.10 and another with a pK of 7.10-7.20. Its purity was further established by the absence of serine or other amino acids. One of the preparations of cycloserine was carried out under more alkaline conditions than normally employed. 24 The high alkaline pH led to dimerization23 of cycloserine to the diketopiperazine form, and the product isolated was a mixture of cycloserine and its diketopiperazine. This preparation was characterized by its relatively low solubility in water as compared to cycloserine and by the absence of stoichiometry between the group with pK 4.10 and that with a pK of 7.10. Titration studies suggested that about 75% of the material in the above-mentioned preparation was in the diketopiperazine form. DFP was obtained from Aldrich Chemical Company, Milwaukee, Wisconsin. Cinnamoyl imidazole (CI) was obtained from Dr. S. A. Bernhard. Carboxypeptidase-A, subjected to treatment with DFP, was purchased from Worthington Biochemicals, Freehold, N.J.
Experimental.-Four hundred mg of cycloserine in 9 ml of water were treated with 400 mg of pure DFP in 1 ml of isopropanol. This solution, originally at pH 3.8, was brought to pH 6.80 by the addition of 0.5 N KOH and maintained at that pH with the aid of an automatic titrator.'5 The reaction was accompanied by the consumption of alkali. At the end of 10 hr, when the alkali consumption had considerably slowed down, the solution was adjusted to pH 6.0 and evaporated to dryness under reduced pressure. The residue was dissolved in water and desalted by passing over Dowex 50 (H+) column, and the material eluted with dilute NH40H. The ammonium hydroxide eluate was taken to dryness, and the residue was dissolved in 15 ml of redistilled, constant boiling HCl and subjected to partial hydrolysis in a sealed tube for 90 min at 105°C. The hydrolysate was evaporated to dryness under reduced pressure, and traces of HC1 were removed by repeated additions of water followed by evaporation to dryness. The hydrolyzed residue was made up to 50 ml with water. A small sample was analyzed for amino acids by the procedure of Spackman, Stein, and Moore26 with the aid of a Beckman-Spinco model amino acid analyzer (results in Fig. 1 ). The chromatogram showed the presence of an acidic amino acid, serine, and another component emerging at 370 ml of effluent volume of the buffer.
The DFP-treated cycloserine (following incubation at pH 6.8) was also analyzed for any free amino acids that might be present by means of the amino acid analyzer. As with cycloserine, no ninhydrin-reacting component was observed when such analyses were made either on the long 150-cm column for acidic and neutral amino acids or on the short 15-cm column used for the determination of basic amino acids. However, exposure of the DFP-treated cycloserine to alkaline pH (9.5) for 10 min and subsequent analyses resulted in the formation of a ninhydrin-positive Reaction of cycloserine with cinnamoylimidazole: The elegant use of cinnamoylimidazole for studying the acylation and deacylation mechanism of chymotrypsincatalyzed reactions has been reported by Bender, Schonbaum, and Zerner. 28 The influence of cycloserine on the hydrolysis of CI was investigated, and the results of a typical experiment are shown in Figure 3 . The catalytic action of cycloserine was pH-dependent. The apparent first-order rate constants, obtained under conditions of excess of cycloserine at various pH's are given in Table 2 . The reaction was accompanied by the disappearance of the absorption peak at 3,070 A.
At longer time this 2,810 A peak decayed appreciably, the wavelength of maximum absorption shifting toward shorter wavelengths presumably due to the appearance of cinnamate ion (absorption maximum 2,690 A). The reaction forming the intermediate with Xmax = 2,810 A is primarily due to the acylation of cycloserine. The deacylation of this acylated product to cycloserine and cinnamate ion is a comparatively slow process.
Deacylation of the intermediate formed by the reaction of CI with cycloserine: The deacylation rate of the cinnamoyl cycloserine product was followed in the pH-stat at pH 7.0 and 9.0. The process followed first-order kinetics. The half times for deacylation at pH 7.0 and 9.0 were of the order of 24 hr and 7 hr, respectively. Cinnamate ion and cycloserine were identified during the deacylation process. Thus, the action of cycloserine appears to be catalytic, the rate-limiting step in the process being the deacylation of the intermediate. ence of the cycloserine-diketopiperazine mixture was also investigated. Figure  4 illustrates the catalysis observed with such a preparation at pH 4.35. The firstorder rate constants calculated for this mixture plus cinnamoylimidazole are summarized in The reaction between cycloserine and CI was studied in the pH-stat to follow the protonic equilibrium accompanying the process. Five mg of cycloserine in 6 ml of water at pH 7.0 and 10 mg of CI in 2 ml of acetonitrile were mixed, and the reaction was followed in the pH-stat. Under these conditions, no pH change was observed for nearly 120 min. There was neither release nor uptake of protons. A study of the absorption spectra at various intervals during this 2-hr period revealed that the 3,070 A absorption maximum was steadily diminishing with the concomitant formation of an intermediate with absorption maximum at 2,810 A. At the end of 2 hr, the absorption at 2,810 A was nearly constant. However, over longer time intervals a steady uptake of alkali was noted. This latter process was followed for 10 hr at pH 7.0, and then the pH was raised to 9.0. The alkali uptake at pH 9.0 was faster than at pH 7.0, suggesting that the deacylation step is OH-concentration-dependent. At the end of 35 hr at pH 9.0, alkali uptake was complete, indicating the completion of the deacylation reaction. The amount of base consumed during this period corresponded to the amount of cinnamate to be expected from the deacylation process. The final product formed was identified as cinnamic acid by isolation from the acidified reaction mixture and characterization by ultraviolet spectra (in 0.050 Il phosphate buffer, pH 6.86, absorption maximum 2,695 A) and by the determination of its pK in 60 per cent dioxane-water mixture (pK observed 6.2). Cycloserine was also recovered after the completion of the reaction.
When cycloserine was treated with CI at pH 5.0 under conditions similar to those used at pH 7.0, the formation of the acyl intermediate was accompanied by the uptake of one mole of proton per mole of the reactants.
Discussion.-The isolation of o-phosphoserine from the partial acid hydrolysate of the DFP-treated cycloserine attests to the phosphorylation of the serine hydroxyl group. Model serine peptides"6 and oxazolines'5 do not react with DFP under similar conditions. 0-phosphoserine was also identified in the partial acid hydrolysate of cycloserine treated with DFP at pH 5.0. This observation, as well as the observed presence of o-phosphoserine in the hydrolysates of cycloserine-diketopiperazine mixture (see Fig. 2 ), suggest the ring nitrogen in the cycloserine molecule to be the initial site of phosphorylation.
The reaction between cycloserine and CI is characterized by the rapid formation of an acyl intermediate; the next step, i.e., the deacylation process which is relatively slow, limits the catalytic power of cycloserine. The deacylation reaction has been demonstrated by the following: (a) Cinnamic acid was identified as the product of the reaction. (b) Cycloserine could be recovered almost quantitatively at the end of the reaction. (c) Cycloserine could hydrolyze more than one equivalent of CI via the two-step sequence described above. The protonic equilibrium accompanying the reaction offers valuable information concerning the nature of the intermediate formed. Assuming the proposed structure for cycloserine22 to be valid, the scheme of events given below satisfactorily explains the data obtained. tion, and no attempt will be made at this NH time to present the actual mechanism in-R X volved.
A comparative study of the reactions of cycloserine and the proteolytic enzyme chymotrypsin reveals some striking similarities. Both chymotrypsin and cycloserine are inhibited by DFP, and acid hydrolysis of their DIP-derivatives yields o-phosphoserine. Likewise, the acyl intermediates seem to have similar absorption maxima and give positive hydroxamate tests with acidic ferric chloride upon treatment with NH20H at pH 5.5, unlike esters such as o-acyl serine peptides which give negative hydroxamate tests under these conditions.
As much as these similarities between cycloserine-and chymotrypsin-catalyzed reactions provide a basis for the speculation as to the nature of the active serine in chymotrypsin and other serine esterases, the need for definite and conclusive evidence in this regard must be recognized. Since the a-carboxyl group of the serine would be in peptide linkage with the amino group of the adjacent amino acid residue in the peptide chain (e.g., with the NH2 group of a glycine residue in the reported sequence of phosphopeptides isolated from serine esterases), the chances of cycloserine per se being present in the enzyme proteins are indeed remote. However, the possibility that the -ONH2 group of cycloserine (if present in the enzyme proteins) coupled with a ,B-COOH of an aspartic acid residue adjacent or in close proximity to it, i.e., a linkage similar to that present in cycloserine with a hydroxylamine bridging a carboxyl and a serine hydroxyl, should not be overlooked. The extreme reactivity of the model peptide containing aspartic acid, serine, and hydroxylamine,31 and of serine esterases may well be due to such linkages resulting in the formation of structures with unusual catalytic properties.
Furthermore, the enhanced catalytic activity of the cycloserine-diketopiperazine mixture at low pH (see Fig. 4 ) implies that the -ONH3+ group of the o-serylhydroxylamine could be associated with catalysis in some instances. It should be emphasized, however, that the ultimate proof for the unique reactivity of a single serine residue in chymotrypsin and other esterases must await further structural studies designed to elucidate the factors that confer such properties on the serine.
Summary.-The reaction of cycloserine with DFP and cinnamoylimidazole was
